Bacterial DNA helicases are nucleic acid-dependent NTPases that play important roles in DNA replication, recombination and repair. We are interested in the DNA helicases of Mycobacteria, a genus of the phylum Actinobacteria, which includes the human pathogen Mycobacterium tuberculosis and its avirulent relative Mycobacterium smegmatis. Here, we identify and characterize M. smegmatis SftH, a superfamily II helicase with a distinctive domain structure, comprising an N-terminal NTPase domain and a C-terminal DUF1998 domain (containing a putative tetracysteine metal-binding motif). We show that SftH is a monomeric DNAdependent ATPase/dATPase that translocates 3 0 to 5 0 on single-stranded DNA and has 3 0 to 5 0 helicase activity. SftH homologs are found in bacteria representing 12 different phyla, being especially prevalent in Actinobacteria (including M. tuberculosis). SftH homologs are evident in more than 30 genera of Archaea. Among eukarya, SftH homologs are present in plants and fungi.
INTRODUCTION
Helicase motor proteins use the chemical energy of NTP hydrolysis to effect mechanical changes in the conformation of nucleic acids and protein-nucleic acid complexes. They are involved in a wide variety of nucleic acid transactions and functionally disabling mutations of helicase motors are associated with many human genetic diseases. Helicases have been classified into superfamilies and families according to their distinctive primary, tertiary and quaternary structures, and their particular biochemical specificities: i.e. their NTP preference, nucleic acid preference and directionality of translocation or unwinding (1) . Within the helicase families, there are remarkable structural and functional diversities, via the acquisition of accessory domains (and interactions with collaborating proteins) that direct the helicase motor to a specific biological pathway. Also, even ostensibly homologous helicases may be devoted to distinct biological pathways in different taxa, as the presence of other helicases in the proteome frees them up to take on new or additional functions.
An example of species divergence of helicase function was encountered by Gupta et al. (2) in their studies on the recombination/repair function of DNA helicases in Mycobacteria, a genus that includes the slow-growing human pathogen Mycobacterium tuberculosis and its faster growing avirulent cousin Mycobacterium smegmatis. Mycobacteria have two pathway options for the homology-directed repair of DNA double-strand breaks (DSBs): (i) RecA-dependent homologous recombination (HR) and (ii) RecA-independent homology-directed single-strand annealing (SSA) (2) . The HR and SSA mechanisms involve the resection of DSB ends by the coordinated actions of a helicase and a nuclease. Mycobacteria have a distinctive division of helicase labor between the two homology-dependent pathways, whereby the mycobacterial helicase-nuclease machine AdnAB is dedicated to the HR pathway, whereas the RecBCD machine is responsible for SSA (2) . Deletion of mycobacterial RecBCD has no impact on the ability of the organism to withstand DNA damage induced by UV or ionizing radiation (2) . In contrast, in the model bacterium Escherichia coli (that lacks a homolog of AdnAB), RecBCD is the principal helicase-nuclease, which drives HR and RecBCD is also critical for resistance of E. coli to a variety of DNA-damaging agents (3) .
Such differences in the roster of DNA helicases between bacterial taxa provide useful clues to the evolution and diversification of DNA replication/repair strategy. Moreover, the distinctive helicase rosters of animals versus infectious pathogens (bacteria, viruses, protozoa and fungi) can suggest anti-infective drug targets. With these points in mind, we are focused on the ensemble of DNA helicases in mycobacteria. To date, five mycobacterial DNA helicases have been purified and characterized: AdnAB, UvrD1 and UvrD2 are superfamily I (SF1) helicases, whereas XBP and RqlH are superfamily II (SF2) helicases.
Mycobacterial AdnAB is a heterodimer of two subunits, both consisting of an N-terminal SF1 motor domain and a C-terminal nuclease domain (4) . AdnAB hydrolyzes purine NTPs and dNTPs in the presence of singlestranded DNA or linear duplex DNA with a free DSB end. The 3 0 -5 0 translocase/helicase activity of the AdnB subunit drives duplex unwinding from a DSB end, during which the AdnA and AdnB nucleases incise the displaced 5 0 -and 3 0 strands, respectively (4-6). AdnABtype helicases are present in the proteomes of many bacterial genera within the Actinomycetales order of the phylum Actinobacteria.
Mycobacterial UvrD1 is homologous to E. coli UvrD, a prototypal superfamily I DNA helicase. UvrD1 is a monomeric ssDNA-dependent ATPase/dATPase that unwinds 3 0 -tailed duplex DNAs by loading onto the 3 0 single-strand and translocating in the 3 0 -5 0 direction (7-10). A distinctive property of UvrD1 is that it interacts physically and functionally with Ku, a DNA end-binding protein that orchestrates the mycobacterial non-homologous endjoining pathway of DSB repair (7, 11) .
Mycobacterial UvrD2 is a monomeric ssDNAdependent ATPase/dATPase with 3 0 to 5 0 duplex unwinding activity (7, 12, 13) . UvrD2 has an unusual domain organization, insofar as its N-terminal ATPase domain resembles the SF1 helicase UvrD, yet it has a C-terminal HRDC domain, which is a feature of RecQ-type SF2 DNA helicases. The ATPase and HRDC domains are connected by a CxxC-(14)-CxxC tetracysteine module that defines a new clade of UvrD2-like bacterial helicases found only in Actinomycetales (12) .
Mycobacterial XBP was identified as a homolog of the eukaryal XBP subunit of transcription factor IIH; it is composed of a C-terminal SF2 motor domain fused to an N-terminal XBP-specific domain module (14) . Recombinant M. tuberculosis XBP is a monomeric ssDNA-dependent ATPase with 3 0 to 5 0 helicase activity on 3 0 -tailed duplex DNAs (15) . XBP homologs are widely prevalent in the phylum Actinobacteria and are also found sporadically in other bacterial phyla.
Mycobacterium smegmatis RqlH is a 'RecQ-like' helicase (16 Here, we identify, purify and biochemically characterize a new mycobacterial superfamily II helicase (hereafter named SftH): the 776-amino acid protein encoded by M. smegmatis gene MSMEG_6160. SftH is composed of an N-terminal SF2 motor domain and a signature C-terminal 'DUF1998' module, which includes a putative metal-binding cysteine cluster (Figure 1 ). We report that SftH is a monomeric enzyme possessing DNA-dependent ATPase, ATP-dependent 3 0 -5 0 translocase and helicase activities. SftH homologs with DUF1998 domains comprise a distinct SF2 helicase subfamily distributed widely among bacteria, archaea, fungi and plants.
MATERIALS AND METHODS

SftH proteins
The open reading frame encoding M. smegmatis SftH (MSMEG_6160) was PCR amplified from M. smegmatis genomic DNA with primers that introduced an NdeI site at the start codon and a BamHI site downstream of the stop codon. The PCR product was digested using NdeI and BamHI and inserted between NdeI and BamHI sites in pET16b to generate an expression plasmid encoding the SftH polypeptide fused to an N-terminal His 10 tag. Alanine or serine substitution mutations were introduced into the sftH ORF by two-stage overlap extension PCR with mutagenic primers. The plasmid inserts were sequenced to exclude the acquisition of unwanted coding changes during amplification or cloning.
The pET-His 10 SftH plasmids were transformed into E. coli BL21-CodonPlus(DE3)-RIL. Cultures (1-l) derived from single transformants were grown at 37 C in Luria-Bertani medium containing 100 mg/ml ampicillin and 50 mg/ml chloramphenicol until the A 600 reached 0.6. The cultures were chilled on ice for 1 h, adjusted to 2% (v/ v) ethanol and 0.2 mM isopropyl-b-D-thiogalactopyranoside, and then incubated at 17 C for 16 h with constant shaking. The cells were harvested by centrifugation, and the pellets were stored at À80 C. All subsequent procedures were performed at 4 C. Thawed bacteria were resuspended in 50 ml of buffer A (50 mM Tris-HCl, pH 7.5, 250 mM NaCl, 10% sucrose) containing one protease inhibitor cocktail tablet (Roche). Lysozyme and Triton X-100 were added to final concentrations of 0.5 mg/ml and 0.1%, respectively. After incubation for 30 min, the lysate was sonicated to reduce viscosity and insoluble material was removed by centrifugation at 38 000g for 1 h. The soluble extracts were mixed for 1 h with 6 ml of Ni-NTA agarose resin (Qiagen) that had been equilibrated with buffer A. The resins were recovered by centrifugation, resuspended in buffer A, poured into columns and then washed with buffer B (50 mM Tris-HCl, pH 7.5, 250 mM NaCl, 10% glycerol) containing 25 mM imidazole. Bound material was eluted stepwise with 4 ml aliquots of buffer B containing 100, 200, 300 and 500 mM imidazole. The polypeptide compositions of the eluate fractions were monitored by SDS-PAGE. The recombinant SftH proteins were eluted in the 100, 200 and 300 mM imidazole fractions, which were pooled and then dialyzed against buffer C (50 mM Tris-HCl, pH 7.5, 1 mM dithiothreitol (DTT), 1 mM EDTA, 10% glycerol) containing 100 mM NaCl. The dialysates were applied to 3 ml DEAE-Sephacel columns that had been equilibrated with the same buffer. The columns were washed with 100 mM NaCl in buffer C and then eluted stepwise with 0.25, 0.5 and 1.0 M NaCl in buffer C. SftH was recovered predominantly in 0.25 and 0.5 M NaCl fractions, which were pooled. Protein concentrations were determined by using the BioRad dye reagent with BSA as the standard.
Velocity sedimentation
Aliquots (200 mg in 0.2 ml) of SftH, either alone or mixed with catalase (50 mg), BSA (50 mg) and cytochrome c (100 mg), were applied to 4.8-ml 15-30% glycerol gradients containing 50 mM Tris-HCl, pH 7.5, 250 mM NaCl, 1 mM DTT, 1 mM EDTA, 0.05% Triton X-100. The gradients were centrifuged at 50 000 rpm for 18 h at 4 C in a Beckman SW55Ti rotor. Fractions (0.2 ml) were collected from the bottoms of the tubes.
Nucleoside triphosphatase assay
Reaction mixtures containing (per 10 ml) 20 mM Tris-HCl, pH 7.0, 1 mM DTT, 5 mM MgCl 2 , 1 mM [a 32 P]ATP (Perkin-Elmer Life Sciences) and DNA and SftH as specified were incubated at 37 C. The reactions were quenched by adding 2 ml of 5 M formic acid. An aliquot (2 ml) of the mixture was applied to a polyethyleneiminecellulose thin layer chromatography (TLC) plate, which was developed with 0.45 M ammonium sulfate. The radiolabeled material was visualized by autoradiography and 32 P-ADP formation was quantified by scanning the TLC plate with a Fujix BAS2500 imager.
Helicase assay
The 5 0 32 P-labeled strand was prepared by reaction of a synthetic oligodeoxynucleotide with T4 polynucleotide kinase and [g 32 P]ATP. The labeled DNA was purified by electrophoresis through a native 17% polyacrylamide gel and then annealed to a 4-fold excess of a complementary DNA strand to form the various helicase substrates shown in the figures. Helicase reaction mixtures (10 ml) containing 20 mM Tris-HCl, pH 7.0, 1 mM DTT, 5 mM MgCl 2 , 0.5 pmol (50 nM) radiolabeled DNA and SftH as specified were preincubated for 5 min at room temperature. The reactions were initiated by adding 1 mM ATP and 5 pmol of an unlabeled oligonucleotide identical to the labeled strand of the helicase substrate. Addition of excess unlabeled strand prevents the spontaneous reannealing of the unwound 32 P-labeled DNA strand. The reaction mixtures were incubated for 30 min at 37 C and then quenched by adding 2 ml of a solution containing 2% SDS, 200 mM EDTA, 40% glycerol, 0.3% bromophenol blue. A control reaction mixture containing no protein was heated for 5 min at 95 C. The reaction products were analyzed by electrophoresis through a 15-cm 17% polyacrylamide gel in 89 mM Tris-borate, 2.5 mM EDTA. The products were visualized by autoradiography.
Streptavidin displacement assay of SftH translocation on DNA
Synthetic 34-mer oligodeoxynucleotides of otherwise identical nucleobase sequence containing a Biotin-ON internucleotide spacer either at the fourth position from the 5 0 -terminus or the second position from the 3 0 -terminus were 5
0 -end labeled with [g 32 P]ATP by using T4 polynucleotide kinase and then purified by electrophoresis through a native 17% polyacrylamide gel.
Steptavidin-DNA (SA-DNA) complexes were formed by pre-incubating 50 nM biotinylated 32 P-DNA with 2 mM streptavidin (Sigma) in 20 mM Tris-HCl, pH 7.0, 1 mM DTT, 5 mM MgCl 2 and 1 mM ATP for 10 min at room temperature. The mixtures were supplemented with 20 mM free biotin (Fisher) and the displacement reactions (10 ml, containing 0.5 pmol biotinylated 32 P-DNA) were initiated by adding 3.2 pmol SftH. After incubation for 1 min at 37 C, the reactions were quenched by adding 3 ml of a solution containing 200 mM EDTA, 0.6% SDS, 25% glycerol and 15 mM of a unlabeled single-stranded DNA (the 24-mer oligodeoxynucleotide shown in Figure 6 ) to mask any binding of SftH to 32 P-DNA released from the SA-DNA complex. The reaction products were analyzed by electrophoresis through a 15-cm native 17% polyacrylamide gel containing 89 mM Tris-borate, 2.5 mM EDTA. The free 32 P-labeled 34-mer DNA and the SA-DNA complexes were visualized by autoradiography.
RESULTS AND DISCUSSION
Distinctive domain organization of M. smegmatis SftH, a putative SF2 helicase
The genomic M. smegmatis open reading frame MSMEG_6160 encodes a 776-amino acid polypeptide with an N-terminal domain that resembles the NTPase domains of SF2 helicases, as defined by the following characteristic motifs (highlighted in Figure 1 ): (i) motif I GKS (the P-loop or Walker A-box), the lysine side chain of which contacts the b and g phosphates of the NTP substrate and the serine of which coordinates the metal cofactor; (ii) motif II DExH (the Walker B-box), which coordinates the metal cofactor; (iii) motif VI QxxGRxGR, which coordinates the NTP g phosphate and the water nucleophile for NTP hydrolysis; and (iv) motif III SAT, which makes bridging contacts to motifs II and VI and couples NTP hydrolysis to motor activity (17, 18) . A pairwise alignment of SftH to E. coli RecQ, an exemplary SF2 DNA helicase with an established role in DNA repair and recombination, reveals that their primary structure similarity is limited to the NTPase domain, spanning amino acids 77-424 in SftH and amino acids 42-346 in RecQ, to the extent of 128 positions of side chain identity/ similarity ( Figure 1 ). Note that SftH lacks counterparts of the two downstream domains that are the signatures of E. coli RecQ and most members of the extended RecQ family, these being: a tetracysteine zinc-binding domain with a distinctive fold (17) and a C-terminal HRDC domain (19) . SftH also lacks the C-terminal ComF domain found in the M. smegmatis RqlH helicase (16) .
Rather, the C-terminal 116 amino acids segment of SftH corresponds to DUF1998, a conserved domain of unknown function found in a large number of putative SF2 helicases distributed widely among bacterial and archaeal taxa. Figure 1 shows an alignment of the C-terminal domain of M. smegmatis SftH to the homologous domains of putative helicases from the proteomes of a bacterium from a different phylum-Sphaerobacter thermophilus (phylum Chloroflexi)-and several archaea (Methanocorpusculum labreanum, Methanothermobacter thermautotrophicus, Thermofilum pendens, Desulfurococcus kamchatkensis). A eukaryal SftH homolog from the rice plant Oryza sativa is also included in the DUF1998 alignment (Figure 1) . The signature feature of the DUF1998 domain is a cluster of four cysteines, suggestive of a metal-binding motif (Figure 1 , highlighted in green). Mycobacterial SftH proteins have four other potential metal-binding residues in the DUF1998 domains (two histidines and two cysteines, highlighted in yellow in Figure 1 ), but these are not conserved en bloc among DUF1998-containing helicaselike proteins.
To our knowledge, there has been no prior characterization of a bacterial enzyme with the distinctive domain composition seen in M. smegmatis SftH. Key questions of interest to us were: (i) is SftH a nucleic acid-dependent phosphohydrolase and, if so, what is its substrate and cofactor specificity? (ii) can SftH couple NTP hydrolysis to mechanical work, especially duplex unwinding? and (iii) is the C-terminal domain and its tetracysteine cluster required for such activities?
Recombinant SftH is a DNA-dependent ATPase and helicase
To evaluate the enzymatic and physical properties of SftH, we produced the protein in E. coli as a His 10 fusion and purified it from a soluble extract by nickel-agarose chromatography, DEAE-Sephacel chromatography and zonal velocity sedimentation through a 15-30% glycerol gradient. The SftH preparation was sedimented alone and, in a parallel gradient, as a mixture with marker proteins catalase (248 kDa), BSA (66 kDa) and cytochrome c (13 kDa). SDS-PAGE analysis of the even-numbered fractions of the 'SftH-alone' glycerol gradient revealed that the predominant 85 kDa SftH polypeptide sedimented as a single component peaking in fraction 16 (Figure 2A) 0 32 P-labeled 24-mer single-stranded DNA oligonucleotide (the top strand in panel C) and 1 ml of the indicated glycerol gradient fractions were incubated for 15 min at 37 C. The reaction products were analyzed by electrophoresis through a denaturing 17% polyacrylamide gel containing 7 M urea in 45 mM Tris-borate, 1.2 mM EDTA. An autoradiogram of the gel is shown. conversion of input ATP to ADP ( Figure 2B ). The sedimentation peaks of the three marker proteins are denoted by arrows on the ATPase activity profile, placing the SftH peak on the 'heavy' side of BSA ( Figure 2B ). We surmise that SftH is a monomer in solution.
The gradient fractions were also tested for DNA helicase activity with a substrate consisting of a 24-bp duplex with a 20-nt 3 0 -(dT) 20 tail to serve as a potential 'loading strand' (Figure 2C ). The tailed duplex was formed by annealing a 5 0 32 P-labeled 24-mer DNA oligonucleotide to a complementary unlabeled 44-mer DNA. The helicase assay format we used entailed preincubation of the glycerol gradient fractions with labeled DNA, followed by initiation of unwinding by addition of ATP, with simultaneous addition of a 'trap' of excess unlabeled 24-mer displaced strand that: (i) minimizes reannealing of any 32 P-labeled 24-mer that was unwound and (ii) competes with the loading strand for binding to any free enzyme that dissociated from the labeled DNA without unwinding it. Consequently, the assay predominantly gauges a single round of strand displacement by enzyme bound to the labeled 3 0 -tailed duplex prior to the onset of ATP hydrolysis. We observed a single peak of DNA unwinding activity in the SftH-containing fractions 14, 16 and 18 that yielded a radiolabeled free single strand that migrated faster than the input tailed duplex during native PAGE ( Figure 2D, top panel) ; the helicase reaction product comigrated with free 24-mer generated by thermal denaturation of the substrate (lane Á). No duplex unwinding was observed when the same glycerol gradient fractions were reacted with the helicase substrate in the absence of added ATP ( Figure 2D, bottom panel) . However, we did note that the incubation with fraction 20 resulted in a slight increase in the electrophoretic mobility of the tailed duplex substrate during native PAGE ( Figure 2D , bottom panel), suggesting that the gradient purification might have separated the SftH ATPase/helicase from a contaminating nuclease. This was verified by reacting the glycerol gradient fractions with the 32 P-labeled 24-mer strand in the presence of magnesium and analyzing the products by denaturing PAGE, whereby a single component of nuclease activity was detected in fractions 18-22, peaking in fraction 20 ( Figure 2E ). No nuclease activity was evident in the SftH peak fraction 16 ( Figure 2E) ; thus fraction 16 (or an equivalent fraction from other glycerol gradients) was used for all further biochemical characterizations of StfH.
SftH is a 3
0 to 5 0 helicase
Whereas SftH readily unwound the 3 0 -tailed duplex DNA substrate, it failed to unwind a 24-bp blunt duplex DNA substrate (Figure 3) , thereby attesting to a requirement for a single-strand tail to serve as a loading strand for the helicase. SftH also failed to unwind a 5 0 -tailed duplex substrate, consisting of a 24-bp duplex with a 20-nt 5 0 -(dT) 20 tail (Figure 3 ). These results indicate that SftH is a unidirectional 3 0 -5 0 helicase that binds to and tracks along the loading strand and unwinds duplex DNA as it advances.
Effects of motif I and motif II mutations
Mutated versions of the SftH protein were prepared in which Lys90 in motif I or Asp195 and Glu196 in motif II were changed individually to alanine. The three mutants were purified in parallel with wild-type SftH and recovered as single monomeric peaks after glycerol gradient sedimentation. SDS-PAGE showed comparable purity of the wild-type, K90A, D195A and E196A glycerol gradient fractions ( Figure 4A ). The motifs I and II mutations did away with ATP hydrolysis ( Figure 4B ) and DNA unwinding ( Figure 4C ). These results verify that the phosphohydrolase and helicase activities are intrinsic to the recombinant SftH protein.
NTP substrate specificity NTP substrate specificity was examined by colorimetric assay of the release of P i from unlabeled ribonucleotides ATP, GTP, CTP or UTP and deoxynucleotides dATP, dGTP, dCTP and dTTP, each at 1 mM concentration. SftH specifically hydrolyzed ATP and dATP ( Figure  5A) . Similarly, the NTP requirement for the SftH helicase reaction was satisfied by ATP and dATP; the other rNTPs and dNTPs were ineffective ( Figure 5B ).
DNA cofactor requirement and metal cofactor specificity
We tested the ability of single-stranded DNAs of varying length to activate ATP hydrolysis by SftH. Titration of the oligonucleotides revealed a hyperbolic dependence of ATP hydrolysis on the amount of 44-, 36-, 30-, 24-or 12-mer strands ( Figure 6 ). Nonlinear regression fitting of the data to a one-site binding model in Prism yielded apparent K d values as follows: 0.05 mM 44-mer; 0.11 mM 36-mer; 0.14 mM 24-mer and 0.67 mM 12-mer. A 6-mer oligonucleotide was ineffective at up to 2.5 mM concentration ( Figure 6 ).
The ATPase activity of SftH in the presence of the 44-mer DNA was optimal from pH 5.0 to 7.0 in Tris buffer; activity declined sharply at pH 4.5 and was nil at 0 -tailed duplex substrate (Fig. 2C ), 1 mM ATP and 4.5 pmol of wild-type or mutant SftH as specified. SftH was omitted from the control reaction in lane À. The reaction products were analyzed by native PAGE and visualized by autoradiography. A reaction mixture lacking SftH that was heat denatured prior to PAGE is included in lane Á. Figure S1A) . No ATP hydrolysis was detected when magnesium was omitted. The divalent cation requirement for ATP hydrolysis by SftH was satisfied by 1 mM magnesium, manganese or calcium, whereas cobalt was half as active (Supplementary Figure  S1B) . In contrast, 1 mM cadmium, copper, nickel or zinc was ineffective (Supplementary Figure S1B) . Activity was broadly optimal between 0.5 and 5 mM magnesium, manganese or calcium (data not shown).
Steady-state kinetics of ATP hydrolysis
We determined steady-state kinetic parameters by measuring the velocity of ATP hydrolysis as a function of ATP concentration in the presence of 1.25 mM 44-mer single-stranded DNA cofactor (Figure 7) . From a nonlinear regression curve fit of the data to the Michaelis-Menten equation, we calculated that SftH has a K m of 0.17 mM ATP and a k cat of 6.2 s À1 .
SftH translocates unidirectionally on single-stranded DNA NTP hydrolysis by nucleic acid-dependent phosphohydrolases is often coupled to mechanical work-either duplex unwinding or displacement of protein-nucleic acid complexes-as a consequence of translocation of the phosphohydrolase enzyme along the nucleic acid. To address whether SftH has translocase activity, we employed a streptavidin (SA) displacement assay (5, 16, (20) (21) (22) , as follows. 32 P-labeled 34-mer DNA oligonucleotides containing a single biotin moiety at the fourth internucleotide from the 5 0 -end or the second internucleotide from the 3 0 -end were preincubated with excess SA to form a stable SA-DNA complex that was easily resolved from free biotinylated 34-mer DNA during native PAGE (Figure 8 ). The translocation assay scores the motor-dependent displacement of SA from the DNA in the presence of ATP and excess free biotin, which instantly binds to free SA and precludes SA rebinding to the labeled DNA. The rationale of the assay is that directional tracking of the motor along the DNA single strand will displace SA from one DNA end, but not the other. When moving 3 0 to 5 0 , it can displace SA as it collides with the 5 0 -biotin-SA. In contrast, a 3 0 -biotin-SA is not expected to be displaced by a 3 0 -5 0 translocase, because the motor moves away from the SA and simply falls off the free 5 0 -end. The converse outcomes apply to a 5 0 -3 0 translocase; it displaces a 3 0 SA, but not a 5 0 SA. The instructive finding was that SftH displaced SA from a 5 0 biotin-SA complex on the 34-mer single-stranded DNA to yield the free 32 P-labeled 34-mer strand, but was unable to displace SA from a 3
0 biotin-SA complex tested in parallel ( Figure 8A ). Stripping of the 5 0 biotin-SA complex by SftH to liberate free DNA depended on ATP and magnesium ( Figure 8B ). The ATPase-defective SftH mutants K90A and D195A displayed no detectable 3 0 -5 0 translocase activity ( Figure 8B ).
Deletion and mutation of the DUF1998 domain
To address the role of the DUF1998 domain, if any, and the possible sufficiency of the ATPase domain, we attempted to produce a series of C-terminal truncation mutants: SftH-(1-701), SftH-(1-660), SftH-(1-600) and SftH-(1-500). Each was intractably insoluble when expressed in E. coli and therefore not amenable to purification and characterization. As an alternative, we sought to evaluate the contributions of the putative metal-binding motif of the DUF1998 domain, by introducing double alanine substitutions C736A-C738A and C742A-C745A in the context of the full-length SftH polypeptide, but the C736A-C738A and C742A-C745A proteins were again insoluble when produced in E. coli. Then, we replaced individual cysteines with serine, but once again the C736S, C738S, C742S and C745S proteins were insoluble. In contrast, alanine mutations at two other cysteines in the DUF1998 domain (Cys681 and Cys751; highlighted in yellow in Figure 1 ) did not adversely affect solubility and the isolated SftH C681A and C751A proteins retained DNA-dependent ATPase activity (Supplementary Figure S2 ). We surmise that the C736-C738-C742-C745 tetracysteine motif of the DUF1998 domain is needed for proper folding of the SftH protein, possibly via metal coordination.
Phylogenetic distribution of SftH helicases
The biochemical properties of M. smegmatis SftH elucidated above are consonant with those of the mycobacterial helicases UvrD1, UvrD2 and RqlH, insofar as these enzymes are monomeric single-strand DNAdependent ATPase/dATPase motors with 3 0 to 5 0 helicase activity on tailed duplex DNA substrates (28-31). Proper folding and function of SftH apparently requires the C-terminal DUF1998 domain, and the putative metal-binding tetracysteine cluster composed of C736, C738, C742 and C745. The mycobacterial RqlH enzyme has a structurally distinct RecQ-type tetracysteine zinc-binding domain that is also essential for its proper folding (16) . In contrast, the signature tetracysteine domain of UvrD2 is not required for its DNA-dependent ATPase activity, but is critical for helicase activity (12) . In our view, the domain organization of mycobacterial SftH is sufficiently diverged from other bona fide helicases to warrant the designation of SftH as the exemplar of a new SF2 clade. A search of the NCBI database with M. smegmatis SftH recovered scores of SftH-like proteins, composed of the same SF2 motor and DUF1998 domains, arrayed in the same order, and with similar inter-domain spacing. SftH is present in the available mycobacterial proteomes, with the exception of M. leprae (Supplementary Table S1 ). The M. tuberculosis SftH homolog is a 771-amino acid polypeptide encoded by the Rv3649 gene (Supplementary Figure S3) . SftH is apparently nonessential for mycobacterial growth, insofar as Sassetti et al. SftH is present in the proteomes of 49 other genera of the phylum Actinobacteria (Supplementary Table S1 ). Indeed, SftH homologs are distributed widely in the bacterial domain of life, being present in species belonging to the phyla Proteobacteria. Firmicutes, Cyanobacteria, Chloroflexi, Deinococcus-Thermus, Deferribacteres, Acidobacteria, Synergistetes, Aquificae, Planctomycetes and Spirochaetales (Supplementary Table S2 ). Among the Proteobacteria, SftH was prevalent in species of the delta-subdivision, but was lacking in taxa of the Enterobacteriales order of the gamma-subdivision (which includes E. coli). SftH homologs were not retrieved from the phyla Bacterioidetes, Chlamydia or Mollicutes.
SftH homologs were found in 35 different genera of Archaea (Supplementary Table S3 ). In eukarya, SftH homologs were seemingly limited to fungi and plants (Supplementary Table S3 ). An alignment of amino acid sequence of M. smegmatis SftH to its homolog from the rice plant O. sativa is shown in Supplementary Figure S4 and highlights conservation of the motor domain, the DUF1998 domain (including the putative metal-binding cysteines) and the interdomain linker. The SftH homolog of the budding yeast S. cerevisiae is named Hrq1 and is inessential for yeast vegetative growth (24) . The Hrq1 homolog of the fission yeast S. pombe was recently reported to have 3 0 to 5 0 helicase activity and to play a role in resistance of fission yeast to killing by mitomycin C and cisplatin (25) .
In conclusion, we unveil SftH as a member of a novel clade of SF2 helicases found in diverse bacterial, archaeal and eukaryal taxa. Our initial biochemical analysis and phylogenetic analyses provide impetus for future studies, including: (i) characterization of the in vivo effects of ablating sftH in M. smegmatis, singly and in combination with other potentially redundant inessential M. smegmatis helicase genes (adnAB, uvrD1, rqlH, recBCD) and (ii) structural analyses, especially of the distinctive C-terminal DUF1998 domain. 
